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The resonance ∆(1232) with spin-parity 32
+
, which contributes dominantly to
the reactions like γN → πN and NN → NNπ at intermediate energies, may be
expected to be produced in characteristically different polarized spin states. As such
an analysis of the decay of polarized delta is presented, which may be utilized to
probe empirically the production mechanism. It is shown that measurements of the
angular distributions of the pion and the polarization of the nucleon arising out of
~∆ decay can determine empirically the Fano statistical tensors characterizing the ~∆.
PACS numbers: 25.20.Ljs,24.70.+s,14.20.Gk ,13.60.Le,13.30.-a
Meson production in NN collisions [1] as well as photo- and electro-production of mesons
[2] have attracted renewed interest with the technological advances [1, 2, 3] made at IUCF
Indiana in USA, the development of COSY at Julich in Germany and the advent of new
generation of electron accelerators at J-Lab, MIT, BNL in USA, ELSA at Bonn, MAMI
at Mainz in Germany, ESRF at Grenoble in France and Spring8 at Osaka in Japan. The
excitement began in the early 1990’s, when the total cross section measurements [4] for
pp → ppπ0 were found to exceed the then available theoretical predictions [5], by more
than a factor of 5. Moreover, a large momentum transfer is involved when an additional
particle is produced in the final state. This implies that the features of the NN interaction
2is probed at very short distances, estimated [6] to be of the order of 0.53 fm, 0.21 fm and
0.18 fm for the production of π, ω and φ mesons respectively. While ω and φ production
involve only excited nucleon states, pion production involves ∆ which is a well isolated
resonance. Moreover, experimental studies on pion production in pp collisions have reached
a high degree of sophistication [7, 8], where both the protons are polarized initially and
the three body final state is completely identified kinematically. The Julich meson exchange
model [9], which yielded theoretical predictions closer to the experimental data than most
other models, has been more successful in the case of charged pion production [7] than
with the production of neutral pions [8]. A more recent analysis [10] of the ~p~p → ppπ0
measurements [8], following a model independent irreducible tensor approach [11], showed
that the Julich model deviates quite significantly for the 3P1 → 3P 0p and to a lesser extent for
the 3F3 → 3P2p transitions. These calculations [10] have been carried out with and without
taking the ∆ contributions into account and this exercise emphasized the important role
of ∆ in the model calculations. It has been shown [12] that NN → N∆ reaction matrix
contains as many as 16 amplitudes out of which 10 are second rank tensors. Ray [13] has
drawn attention to their importance based on a partial wave expansion model where he
found that “the total and differential cross-section reduced by about one half, the structure
in the analyzing powers increased dramatically, the predictions of DNN became much too
negative, while that for DLL became much too positive and the spin correlation predictions
were much too small when all ten of the rank 2 tensor amplitudes were set to zero, while the
remaining six amplitudes were unchanged ”. The dominance of ∆ in photo and electro-pion
production has been known for a long time. Very recently, a theoretical formalism [14] for
photo and electroproduction of mesons with arbitrary spin-parity spi has been outlined, which
specializes to pion production for spi = 0−. The excitation of a nucleon into ∆ through photo-
absorption, involves electric quadrupole (E2) and magnetic dipole (M1) form factors, while
electro-production involves a Coulomb form factor (C2) in addition. The electro-excitation
of ∆ provides a test [15] for perturbative QCD, which appears to fail when confronted with
experiments [16]. The study of these form factors as well as the quadrupole deformation of
∆ has excited considerable attention [17]. The importance of ∆ has also been highlighted
in more recent studies [18].
One can naturally expect ∆, whether it is produced through electromagnetic excitation
or hadronic excitation, to be polarized. Characterizing the ~∆ produced by the Fano [19]
3statistical tensors tkq of rank k = 1, 2, 3 with q = −k,−k + 1, ....., k, we discuss here the
extent of information that can be obtained on the tkq through measurements of the angular
distribution of the pion and that of the nucleon polarization in the final state.
For this purpose, we express the reaction matrix M for the decay of ∆ in the form
M = f(S1(1
2
, 3
2
) · Y1(qˆ)), (1)
where q denotes the meson momentum in the ∆ rest frame and qˆ = q/|q|. The transition
spin operators Sλm(sf , si) of rank λ, connecting the initial and final channel spins si and sf
respectively, are defined following [20], the multiplicative factor f defines the strength of
the transition and Yl,m(qˆ) denote spherical harmonics. The state of polarization of ∆ is, in
general, represented by the spin density matrix
ρ∆ =
Tr(ρ∆)
4
3∑
k=0
(τk · tk), (2)
in terms of Fano statistical tensors
tkq =
Tr(τkq ρ
∆)
Trρ∆
, (3)
where τkq denote irreducible tensor operators of rank k in the ∆ spin space of dimension
2j + 1 = 4. The hermitian conjugates (τkq )
† are related to (τkq ) through (τ
k
q )
† = (−1)qτk−q
and are so normalized as to satisfy
Tr[τkq (τ
k′
q′ )
†] = (2j + 1) δkk′ δqq′ , (4)
with τ 00 = 1, so that t
0
0 = 1. The above normalization is different from that used by Fano
originally, but consistent with that chosen [21] for spin j = 1. It may be noted that τ 1q
for spin-3/2 are related to the spherical components J10 = Jz ; J
1
±1 =
∓(Jx±iJy)√
2
of the spin
operator J of ∆ through
τ 1q =
√
4
5
J1q , (5)
whereas of τ 1q =
√
3
2
J1q in the case of spin j = 1.
Our purpose is to determine empirically the tkq for k = 1, 2, 3 of
~∆ through an experimental
study of its decay products
The angular distribution of the pion in the case of ~∆ decay is given by
I(qˆ) = Tr(M ρ∆M †), (6)
4where M † denotes the hermitian conjugate of M . Noting that τkq ≡ Skq (32 , 32) and making
use of the known properties [20] of the spin operators, we obtain
I(qˆ) =
∑
k=0,2
k∑
q=−k
(−1)q Ik−q Ykq(qˆ), (7)
in terms of
Ikq =
9 |f |2
4
√
π
W (3
2
k 1
2
1; 3
2
1)C(1k1; 000) tkq , (8)
which may be measured experimentally, since Ykq(qˆ) are orthonormal to each other. Note
that t00 = 1, yields |f |2 empirically from an experimental measurement of I00 . This informa-
tion may then be used to determine t2q from experimentally measured I
2
q . We next observe
that the spin density matrix ρN of the nucleon in the final state is given by
ρN = M ρ∆M †, (9)
which may be expressed in the standard form
ρN =
Tr(ρN)
2
[1 + σ ·P], (10)
in terms of the Pauli spin matrices σ of the nucleon and nucleon polarization
P =
Tr(σ ρN )
Tr(ρN)
, (11)
where the denominator is already known from eq.(6) as I(qˆ). Expressing (σ.P) in terms of
spherical components through (σ ·P) = ∑ν(−1)ν σ1−νP 1ν and noting further that
σ1ν ≡ S1ν(12 , 12), (12)
we obtain
P 1ν (qˆ) = 9
√
3
2π
|f |2 [I(qˆ)]−1
3∑
k=1
k∑
q=−k
tkq
∑
l=0,2
G(k, l)
×C(kl1; qmν) Ylm(qˆ), (13)
where the geometrical factors are
G(k, l) =
∑
Λ
(−1)(k−Λ)[k] [Λ]W (3
2
k 1
2
1; 3
2
Λ)W (1
2
11
2
Λ; 3
2
1)
×W (k111; Λl)C(11l; 000) (14)
5We note that I(qˆ) and |f |2 are already known, so that the spherically symmetric term
with l = 0 in eq.(13) yields t1q. The l = 2 terms contain all the t
k
q with k = 1, 2, 3. However,
since it has already been shown that t2q and t
1
q are determinable empirically from I(qˆ) and
l = 0 term of eq.(13), experimental study of the angular distribution with l = 2 may be
used to determine t3q empirically.
One can expect the empirical study of ∆ polarization to yield useful information with
regard to the formation of ∆ in different scenarios. These detailed case by case studies will
be taken up elsewhere. Apart from this, we may also draw attention to some interesting
aspects of ∆ polarization. While t1q determine the magnitude as well as the direction of the
vector polarization, which is an axial vector, it is interesting to point out that two other
independent axes are associated [22] with the second rank polarization t2q, which define
also the Principal Axes of Alignment. Hence the measurements of the t2q determine also the
corresponding Principal Axes of Alignment Frame (PAAF) of ~∆. Moreover, three additional
independent axes are associated [23] with the third rank tensor t3q , so that a maximal set of
six independent axes characterize ~∆, apart from the relative strengths of vector, second rank
and third rank tensor polarizations. If the ~∆ produced is oriented [24], which is the simplest
case of polarization of ∆, all the six independent axes collapse into one. Such a scenario is
quite unlikely especially in NN → NNπ. We, therefore, advocate the experimental study
of the angular distribution of the pion and that of the nucleon polarization for events, which
correspond kinematically to invariant mass of the π −N system being equal to the mass of
the ∆ resonance.
Acknowledgements
Three of us (Venkataraya, JB and GP) thank the Principals and Managements of their
respective organizations for encouragement given to research work.
[1] Machner H and Haidenbauer J 1999 J. Phys. G. Nucl. Part. Phys 25 R231
Moskal P, Wolke M, Khoukaz A and Oelert W 2002 Prog. Part. Nucl. Phys 49 1
Faldt G, Johnsson T and Wilkin C 2002 Phys. Scr. T99 146
Hanhart C 2004 Phys. Rep. 397 155
6[2] Krusche V and Schadmand S 2003 Prog. Part. Nucl. Phys. 51 399
Burkert V D and Lee T S H 2004 Int. J. Mod. Phys. E 13 1035
[3] Pollock R E 1991 Annul. Rev. Nucl. Part. Sci. 41 357
Rinckel T et al 2000 Nucl. Instrum. Methods Phys. Res A 439 117
Brinkmann K Th et al 1988 Acta. Phys. Pol. B29, 2993
Martin Schulte-Wissermann, 2004 Doctoral Dissertation (unpublished), Technschen Universi-
tat, Dresden
WASA at COSY proposal, Eds. Ho¨istad B and Ritman J (2004); arXiv:nucl-ex/0411038
[4] Meyer H O et al 1990 Phys. Rev. Lett. 65 2846; ibid 1992 Nucl. Phys. A 539 633
[5] Koltan D and Reitan A 1966 Phys. Rev. 141 1413
Schillaci M E, Silbar R R and Young J E 1968 Phys. Rev. Lett 21 711; 1969 Phys. Rev. 179
1539
[6] Nakayama K 2002 Proc. Symp. on Threshold Meson Production in pp and pd Interactions
(Schriften des Forschungszentrum Julich) Matter. Mater. 11 119
Tsushima K and Nakayama K 2003 Phys. Rev. C 68 034612
[7] Prezowski B V et al 2000 Phys. Rev. C 61 064604
Daehnick W W et al 2002 Phys. Rev. C 65 024003
[8] Meyer H O et al 2001 Phys. Rev. C 63 064002
[9] Hanhart C, Haidenbauer J, Reuter A, Schutz C and Speth J 1995 Phys. Lett. B358 21
Hanhart C, Haidenbauer J, Krehl O and Speth J 1998 Phys.Lett. B444 25; 2000 Phys. Rev.
C61 064008.
[10] Deepak P N, Haidenbauer J and Hanhart C 2005 Phys. Rev. C 72 024004
[11] Ramachandran G, Deepak P N and Vidya M S 2000 Phys. Rev. C 62 011001
Ramachandran G and Deepak P N 2000 J. Phys. G: Nucl. Part. Phys. 26 1809
Ramachandran G and Deepak P N 2001 Phys. Rev. C 63 051001
Deepak P N and Ramachandran G 2002 Phys. Rev. C 65 027601
Deepak P N, Ramachandran G and Hanhart C 2004 Matter and Mater. 1, 138
Deepak P N, Hanhart C, Ramachandran G and Vidya M S 2005 Int. J. Mod. Phys. A 20 599
[12] Silbar R R, Lombard R J and Kloet W M 1982 Nucl. Phys. A381 381
[13] Ray L 1994 Phys. Rev. C 49 2109
[14] Ramachandran G, Vidya M S and Balasubramanyam J 2007 Phys. Rev. C 75, 065201
7Ramachandran G, Vidya M S and Balasubramanyam J 2007 PRAMANA - J. Phys. 68 31
[15] Carlson C 1986 Phys. Rev. D 34 2704
[16] Beck R et al 1997 Phys. Rev. Lett. 78 606
Blantied G et al 1997 Phys. Rev. Lett 79 4337
Frolov V V et al 1999 Phys. Rev. Lett 82 45
Joo K et al CLAS Colloboration 2002 Phys. Rev. Lett 88 122001
Idibi A, Ji H D and Ma J P 2004 Phys. Rev. D 69 014006
[17] Paul Stoler 1991 Phys. Rev. D 44 73
Paul Stoler 1993 Phys. Rep 226 103
Sterman G and Stoler P 1997 Ann. Rev. Nucl. Part. Sci. 47 193
Arhens J 2001 Phys. Rev. Lett. 87 022003
Burkett V D et al (EDS). Excited nucleons and hadronic structure. (World Scientific, Singa-
pore)
Kamalov S S et al 2001, Phys. Rev. C 64 032201(R)
Dushman A J and Henley E M 2002 Phys. Rev. D 65 073017
Paul Stoler 2003 Phys. Rev. Lett 91 172303
Burkett V D 2003 Eur. Phys. J A 17 303
Shin Nan Yang and Sabil Kamalov S 2003 Mod. Phys. Lett. A18 248
Christoph Reib, Harmuth Arenhovel and Michael Schwamb 2005 arxiv:nucl-th/0505030 v1 11
May 2005
Vladimir Pascalutsa, Carl Carlson E and Marc Vanderhaegan 2006 Phys. Rev. Lett 96 012301
Farnandez Ramirez C, Moya de Guerra E and Udias J M 2006 arxiv:nucl-th/0601037 v2 18
April; arxiv:nucl-th/0611062 v1 16 November 2006
[18] Vladmir Pascalutsa, Marc Vanderhaegen and Shin Nan Yang 2006 arix:hep-ph/0609004v5 6
Oct
Hernandez E, Neives J and Valverde M 2007 arXiv:0709.0708v1/nucl-th 5 Sep
Baru V et al 2007 arxiv: 0706.4023v1/nucl-th 27 Jun
Ramalha G, Pena M T and Franz Gross 2008 arXiv:0803.3034v1/hep-ph 20 Mar
Horn L et al 2008 arXiv:0806.4251v1/nucl-ex 26 Jun
Abd El-Samad et al 2008 arXiv:0807.1189v1/nucl-ex 8 Jul
Kirkpatrick J M et al 2008 arXiv:0810.4563v1/nucl-ex 24 Oct
8[19] Fano U 1954 Phys. Rev 93 121;ibid 1957 Rev. Mod. Phys 29 74
[20] Ramachandran G and Vidya M S 1998 Phys. Rev. C 58 3008
[21] Satchler G R et al 1971 in Proc. Int. Conf. on Polarization Phenomena in Nuclear Reac-
tions(EDS) Barschall H H and Haeberli W (University of Wisconsi, Madison)
Ramachandran G and Umerjee R K 1964 Nucl. Phys 54 665
[22] Ramachandran G, Mallesh K S and Ravishankar V 1984 J. Phys. G. Nucl. Phys. 10 L163
[23] Ramachandran G and Ravishankar V 1986 J. Phys. G. Nucl. Phys. 12 L143
Ravishankar V and Ramachandran G 1987 Phys. Rev. C 35 21
[24] Ramachandran G and Mallesh K S 1984 Nucl. Phys. A 422 327
